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Introduction
The wrinkled laminar flamelet has proven an especially useful concept in the development of reduced-order models for the numerical simulation of turbulent flames [1] . This concept is associated with a combustion regime wherein heat-release reactions occur in thin layers throughout a turbulent flow. These layers, or "flamelets", are believed to retain the properties of premixed laminar flames. The primary effect of turbulence in this regime is believed to be the wrinkling and stretching of these flame sheets, which changes their total area and corresponding rate of reactant consumption. The total area of wrinkled laminar flamelets per unit volume is known as the flame surface density (FSD), and serves as the basis for a range of reduced order models for turbulent combustion [2, 3] . It has been proposed The response of premixed flames on curvature and strain has been investigated experimentally by isolated axisymmetric vortex rings [4, 5] interacting with laminar premixed flames. The advantage of these configurations is that they allow for repeatable flame-flowinteractions. Thus 2D measurement techniques at low repetition rates are sufficient to capture the full 3D character by phase dependent data acquisition. A realistic turbulent flow is not restricted to a single vortex size but contains a wide spectrum of eddies with the smaller ones randomly orientated. To explore interactions between turbulent flows and flame fronts measurements were also performed in turbulent premixed flames for example in flat flames stabilized in low-swirl burners [6] , jet flames [7] , V-flames [8] , bluff-body stabilized flames [9] , spherical flames in bombs [10, 11] or free propagating spherical flames [12, 13] .
A key parameter of interest for FSD modeling is the local displacement velocity of the flamelet. The local displacement velocity is defined as the difference between the absolute velocity of the flamelet and the local convection velocity of the fluid. A key limitation of prior studies to measure this critical parameter is the inability of current generation planar imaging diagnostics such as particle image velocimetry (PIV) and planar laser-induced fluorescence (PLIF) to measure the three-dimensional orientation and displacement of a flamelet, or to track these parameters in time. Instead, efforts have focused mainly upon drawing conclusions about 3D displacement velocities from temporally unresolved, 2D measurements. Hartung et al. [9] , for example, reports a sophisticated study wherein PIV and multi-shot OH-PLIF were applied simultaneously in a turbulent, bluff-body stabilized flame to measure 2D local flame displacement speed. DNS results on statistically planar, premixed turbulent flames [14] were later used to quantify the range of conditions wherein the probability density function (PDF) of measured 2D local flame displacement speed faithfully represents that of its 3D counterpart.
The aim of the present work is to directly measure the local 3D displacement velocity of a flame propagating through a flow with well-defined turbulence characteristics. This is accomplished through the use of a newly designed flow-facility that takes advantage of highspeed laser diagnostics to eliminate the need for flame stabilization. This paper presents both the burner, an overview of the diagnostics and data-reduction algorithm used to accomplish this and presents an initial statistical analysis of the measured data. Figure 1 shows the experimental set-up. The experiment consists of two components; a) a flow facility designed to produce a freely propagating flame in a flow with well-defined turbulence characteristics and b) a 10 kHz frame-rate, dual-plane OH-PLIF and stereo-PIV measurement system. Each is described in detail below.
Experimental facility
Freely propagating flame facility
The objective of measuring 3D local flame displacement velocity was achieved through the use of a new facility designed to produce unstabilized, freely propagating flames in a well- 
Diagnostics
Dual-plane OH-PLIF system
Planar laser-induced fluorescence (PLIF) was used to image the combustion radical hydroxyl (OH) in two parallel planes simultaneously at 10 kHz. As shown in Figure 1 , this was accomplished using two independent OH-PLIF systems. Each system used a frequencydoubled dye laser (Sirah Credo, with Rhodamine 6G) pumped at 532 nm by a frequencydoubled, Q-switched diode-pumped solid state (DPSS) laser (Edgewave IS8II-E) to produce UV pulses of 0.15 mJ at 10 kHz. The lasers were tuned to 283.2 nm to excite the Q 1 (7) line of the A-X (1-0) transition of OH. Fluorescence emission at 310 nm was imaged onto CMOS cameras (LaVision HSS5, 512 × 512 pixels at 10 kHz) equipped with two-stage, lens-coupled intensifiers (LaVision, HS-IRO), UV-achromat lenses (Halle, f=150 mm, f/2.5) and hightransmission, bandpass interference filters (Laser Components UV-B). The field of view of each PLIF system was 14×14 mm². Flame luminosity and spontaneous OH* chemiluminescence emission was supressed by gating the intensifier to 400 ns. Cross-talk between the systems was eliminated by offsetting image acquisition by 1 µs. Corrections for camera sensitivity and laser sheet profile non-uniformity were accomplished using standard correction techniques. The (380 µm thick) PLIF imaging planes were offset by 1 mm on either side of the PIV imaging plane. This separation distance was chosen to allow both an accurate interpolation of the flame position and flame-surface normal vector at the centerline (PIV) imaging plane. To avoid artificial smoothing of the measured displacement velocity, OH-PLIF was applied (separately) in the center plane to ensure that the radius of the smallest observed wrinkles was larger than the 2mm plane separation of the PLIF system.
Stereoscopic particle image velocimetry system
The 3-component velocity field was measured simultaneously using stereoscopic particle image velocimetry (SPIV). The SPIV system consists of a DPSS Nd:YVO 4 
Flame luminosity imaging
A fifth camera was used to image the spark-ignition and subsequently the global flame luminosity during each run. This camera (LaVision HSS5), also operated at 10 kHz, was unintensified and was equipped with a 50 mm, f/2.8 objective (Nikon, AF-Micro Nikkor). To determine the initial position and orientation of the flame, the reaction zones were identified in each pair of PLIF images. The images were first de-noised using a nonlinear diffusion filter [16] with anisotropic operator splitting. The flame fronts in the filtered images were then identified using a canny edge-detector. Once the reaction zones in each plane were identified, NURBS splines [17] were used to fit a three-dimensional surface between the discrete contours. Patch diffusion [18] was used to remove numerical noise from the fitted surface. This fitted surface was used to determine the flame position and orientation (flame surface normal) along the Z = 0 mm plane, where the SPIV measurement is made. The result of one such contour fitting is shown schematically in Figure 3 , together with the measured velocity field.
With the center-plane position and orientation of the flame at time t now known, the simultaneously measured velocity field data is used to compute the position the contour would passively convect to at time t = t + ∆t. The remaining distance in the local flame normal direction to the second reconstructed instantaneous flame surface at t + ∆t is then a direct measure of the 3D local displacement speed for the period t to t + ∆t.
The algorithm for determining local 3D displacement velocity was assessed using the generic test case shown schematically in Figure 4 An analysis on sensitivity of the precision reached on these input parameters was performed.
The sensitivity of the algorithm to measurement uncertainty in the PIV data was also checked by adding artificial noise to the mean convection velocity field data in the generic test case.
Starting from the flame in the central PIV-plane (blue thick line) convection alone transports the flame to the location marked by the green line. The local flame speed shown as red arrows result from the displacement between purely convected (virtual) and actual flame position.
The precision was found to be better than 5% assuming a laminar flame speed and 10% velocity noise independent from the angle of incidence.
As the algorithm for determining local 3D displacement velocity is based on separation of local fluid velocity from the absolute displacement of the flame, its accuracy and robustness are sensitive to the spatial location in the velocity field used to determine local convection velocity. If the convection velocity vector is taken from regions of elevated temperatures, as for example at the location of maximum OH gradients or even further in the burnt gas region, S d must be corrected for reduced gas densities [9] . It is also well known that the sudden change in seed-particle density across a flame front impacts the accuracy of the crosscorrelation algorithm used to determine velocity there, biasing the measurement toward regions of higher seed-particle density (i.e. the cold side). In addition, thermophoretic effects influence the accuracy of the PIV technique in the high temperature-gradient region of a flame [19] . For these reasons, the use of velocity data measured in the region of unburned reactants ahead of the propagating flame are the most appropriate choice for local convection velocity.
Based on laminar premixed flamelet calculations, the best compromise to obtain the local flame speed as close to the maximum heat release zone as possible while avoiding the discussed errors, was 0.4 mm upstream of the maximum OH gradient at the unburned gas side. From the flamelet calculations the maximum OH gradient, which was used to determine the flame front, was found to be ~ 20 µm on the unburned side of the position of maximum heat release. This prediction was verified through a sensitivity analysis, as shown in Figure 5 . Figure 6 also demonstrate the high spatial resolution of the velocity field with respect to the scale of the flame-wrinkles under these conditions. Flame wrinkles are caused by the turbulent eddies interacting with the flame. The vorticity field reveals unorganized structures on the unburned side while flame-generated vorticity is observed on the burned side. [20] found that this flame generated vorticity and flame wrinkling is related to hydrodynamic instabilities resulting in tangential pressure gradients along the flame sheet. [21] . Although a rigorous statistical analysis is beyond the scope of the present work, it is clear from Figure 7 that the measured data acquired in this study will allow a thorough analysis of the correlation between in-plane flame curvature and local 3D displacement speed. The highly resolved timeseries measurements captured by the 10 kHz multi-plane OH-PLIF / SPIV diagnostics also enable one to track the orientation of the flame sheet with time and determine how it relates to local displacement speed. Figure   8 ), but consistent with the findings of previous researchers [9, 5] .
Results
The histogram in Figure 8 also shows a significant population of negative local 3D displacement speeds. This supports the finding of [21] who investigated two-dimensional stoichiometric methane flames using DNS and reported negative flame speeds in regions of high positive curvature due to diffusion effects in the tangential direction of the flame front.
The physical mechanism responsible for these negative propagation velocities was not determined, but the data in Figure 8 show such values are statistically significant.
Conclusions
This paper describes an experimental study on the propagation of premixed flames through a flow with well-defined turbulence characteristics. The experimental facility, diagnostics and data analysis algorithms are described and initial results presented. Dual-plane OH-PLIF and 
